ABSTRACT-The observed high biomass of Sargassum species and other fleshy macroalgae on nearshore coral reefs in the Great Barner Reef (Australia) raises the concern that this may be a sign of a phase shift from hard coral to dominance by algae, thus indicating the degradation of these reefs. Nearshore reefs are, due to their geographical position, exposed to inputs of nutnents and particles from mainland run-off. This study estimated the limiting and optimum nutrient concentrations for the growth of Sargassum baccularia under continuous supply of ammonium and phosphate. To assess the nutrient situation in the field, critical and subsistence levels of tlssue nutrients as determined in cultures were compared with field tissue nutrient levels, and a 'mlnl budget' was estimated that compares nutnent requirements with nutrient supply. The growth rates of S, baccularia almost doubled within the narrow window of substrate concentrations from 3 pM ammonium plus 0.3 pM phosphate to 5 pM ammonium plus 0.5 pM phosphate. Lower and, unexpectedly, higher nutrient concentrations resulted in reduced growth rates. Field thalli of S. baccularia were always sufficiently supplied with N and P to show positive growth rates. However, field growth was both N-and P-limited, particularly in austral summer, when fast growth of S. baccularia occurs. Thls was indicated by tissue N and P concentrations that fell below the respective critical nutrient values, and estimated nutrient demands that exceeded the nutrients available from the water column. We suggest that if land-derived nutrient inputs increased. S. baccularia would become nutrient-sufficient, especially during the summer wet season. This may increase the competitive potential of this species to colonise larger areas on the nearshore reefs.
INTRODUCTION
Macroalgae are key components in many coral reef communities. High feeding pressure from herbivores generally diminishes macroalgae to the species rich 'algal turf' typical of coral reefs (Hatcher 1988 (Hatcher , 1990 . However, large brown algae occur in high abundances on nearshore reefs of the Great Barrier Reef, Australia (GBR), especially on reefs fringing granite continental islands (Morrissey 1980 , Schaffelke & Klumpp 1997a . Among these macroalgae the genera Cystoseira, Horrnophysa, Sargassum, and Turbinaria are strikingly abundant in summer (MartinSmith 1993 , Vuki & Price 1994 , Schaffelke & Klumpp 1997a and are often regarded as diminishing the aesthetic value of nearshore reefs.
In the past 20 yr, several cases of algal overgrowth have been reported on reefs in the Caribbean, and in Hawaii and Florida , Lapointe 1989 , Hughes 1994 . These blooms were attributed to anthropogenic nutrient inputs, herbivore reduction, catastrophic events, or a combination of all of thctse factors. Top-down control mechanisms, i.e. herbivory, have been favoured in explaining the presence or absence of macroalgae on coral reefs (e.g Hay 1984 , Hughes 1994 , McCook 1996 , 1997 . However, there is evidence that elevated nutrients, either derived from human activity or by natural upwelling events, have been the prime cause for some macroalgal blooms , Pastorok & Bilyard 1985 , Rose & Risk 1985 , Lapointe & O'Connell 1989 , Szmant & Forrester 1996 , Lapointe et al. 1997 . Also, on a high latitude coral reef with naturally high nutrient levels, high abundance and productivity of macroalgae have been reported (Smith 1981 , Crossland et al. 1984 . The interaction of both top-down and bottom-up mechanisms has been recognised as the most likely interpretation for macroalgal abundance on coral reefs but has been poorly studied (Hatcher & Larkum 1983 , Littler & Littler 1984 , Miller & Hay 1996 .
On the GBR, no harmful macroalgal bloom of large extent has been reported to date. The higher abundance of large brown algae on nearshore reefs of the GBR has been atrributea to iess grazing pressure by herbivorous fish compared to reefs further offshore (Scott & Russ 1987 , McCook 1996 . However, the assumption that macroalgal abundance on GBR nearshore reefs is increasing has been disputed mainly because long term datasets are lacking (discussed in McCook & Price 1997).
Nutrient concentrations in the water column of the GBR lagoon are still relatively low (Furnas et al. 1995 , Furnas & Mltchell 1997 . There are, however, some studies reporting higher water column nutrient levels, in particular in the vicinity of fringing reefs (Hatcher & Hatcher 1981 , Crossland & Barnes 1983 , Staunton Smith & Johnson 1995 . In inshore waters of the GBR, only particulate nutrient concentrations have been reported to be higher than in midshelf and outer shelf waters (Furnas et al. 1995, Klumpp et al. in press) . On the mainland adjacent to the GBR, increased use of agricultural fertiliser during this century has been reported (Pulsford 1996) . Increased nutrient loads in rivers have been estimated and are considered to be the result of farming and grazing activities (Moss et al. 1992 , Brodle 1997 . Be11 (1991 Be11 ( , 1992 , Brodie (1995) and Bell & Elmetri (1995) discuss the threat of eutrophication for the GBR lagoon, mainly based upon changes in water column chlorophyll concentrations used as indicators of elevated nutrient levels. However, a recent compilation of GBR chlorophyll data over the past 20 yr shows highly variable data without a distinct trend towards higher levels (Brodie et al. 1997) .
Because of their proximity to the mainland, nearshore reefs of the GBR are particularly subject to receiving land run-off. If macroalgae are nutnentlimited at these sites, increased nutrient availability may increase the potential for enhanced macroalgal growth. The objective of the present study was to evaluate the effect of enhanced nutrients on the growth of the large fucoid alga Sargassum bacculana (Mertens) C. Agardh, which dominated the macrophyte biomass at our study locations (Schaffelke & Klumpp 1997a) . The objective of the experiments was to determine lim~t i n g and optimum concentrations of available nutrients (nitrogen, N and phosphorus, P) for growth of S.
bacculana in experiments under continuous nutrient supply. To assess N-and P-limitation in the field, we determined critical and subsistence levels of these nutrients in algal tissues in the experimental cultures (according to Hanisak 1979 and Fujita et al. 1989, respectively) and compared the values with tissue nutrient levels in field thalli of the same species. We also estimated a 'mini budget', which compared the in situ nutrient requirements of S. bacculana with the nutrient supply by uptake of inorganic nutrients available in the field.
MATERIALS AND METHODS
Collection of algae and water samples. All samples were collected from reef flats of fringing coral reefs of 3 nearshore continental islands in the central Great Barrier Reef, Australia (Brook Islands, 146"17'E, 18" 09's; Fantome Island, 146"31' E, 18"411S; and Great Palm Island, 146" 35' E, 18" 41' S) .
For tissue nutrient analyses 2 types of plant material were collected from Sargassum bacculana at each of the 3 field locations: ( l ) young, basal shoots, which emerge from the holdfast tissue and (2) distal parts of older shoots, bearing branches and vesicles. For culture experiments, basal shoots of S. bacculana thalli at Great Palm Island were cut and kept in flowing seawater during transport and later in an outdoor tank at ambient light and temperature until used. Water samples for analyses of standing concentrations of nutrients were taken at Great Palm Island at each of 3 stations, separated by approximately 50 m. At each station, samples were taken in triplicate at high tide (*l. h). For each sample, a 25 m1 plastic syringe was filled at a depth of 1.5 to 2 m (about 50 cm away from the sediment) by a snorkeller. The water was filtered immediately through an acid-washed, precombusted 0.45 pm GF/F filter into 10 m1 plastic tubes, put on ice, and frozen after about 30 min. Each sample was analysed for ammonium, nitrate, nitrite and phosphate using standard automated techniques (Ryle et al. 1981) . For the calculation of the nutrient 'mini budget', we used the average concentrations of ammonium, nitrite and nitrate (DIN) and phosphate of each 9 sam-ples from 8 sampling occasions between June 1995 and June 1996 at Great Palm Island.
Culture experiments. Sargassum baccularja cultures were kept in a temperature controlled room at 30°C (in situ water temperature during summer growth maximum; Schaffelke & Klurnpp 1997a) and a light intensity of 300 pm01 photons m-' S-' (approximate saturation irradiance of photosynthesis of Sargassum species at the study sites; Klumpp et al. in press) with a photoperiod of 12 h.
To minimise the number of epiphytes, basal shoots of Sargassum baccularia were pre-treated according to the following protocol: (1) microscopic check for macroepiphytes (magnification 10x): discard if visible epiphytes present, (2) wipe with soft tissue, (3) wash in filtered seawater, (4) brief wash in fresh water, (5) wash in sterile seawater, (6) 2 min bath in 5 % betadine in sterile seawater, (?) wash in sterile seawater. Before they were subjected to experinlental conditions, the shoots recovered for at least 48 h in sterile seawater that was exchanged twice per day. A pilot study assured that, after the recovery period, thalli subjected to this cleaning protocol showed growth rates similar to untreated thalli.
Water used for the experiments was collected from the lagoon of the central GBR in about 2 m depth, at least 30 km offshore from islands or reefs. Sufficient water for 1 experimental run was filtered immediately at collection (0.5 pm) and stored in polyethylene carboys at 4°C in the dark. Prior to use, seawater was autoclaved in 20 1 polycarbonate carboys for 1 h at 121°C. Generally, this seawater had concentrations of inorganic nutrients close to or below the detection limits. Batches with higher nutrient concentrations were not used.
Continuous flow culture: Sargassum baccularia shoots were cultivated in 500 m1 Schott flasks with llds fitted with glass tubes for aeration and for inflowing and outflowing culture medium. The medium was supplied at a flow rate of approx. 0.5 1 h-' from a 25 1 holding carboy with a peristaltic pump (Masterflex, ColeParmer Instrument Co.). Each experimental run accommodated 8 culture flasks with 2 subsample shoots each, supplied by 4 holding carboys. There were 4 replicate flasks for each nutrient treatment. Nutrients were added as ammonium chloride and sodium dihydrogen phosphate. Daily water samples were taken from each holding carboy for analyses of ammonium and phosphate concentrations (Koroleff 1983a, b) . The Schott flasks were exchanged twice a week for fresh flasks that had been washed with 50 % sulphuric acid and autoclaved. All tubing was washed with ethanol every 3 d; once a week fresh, stelllised tubing was fitted. In the first week, 0.1 V0 germanium dioxide was added to the medium to suppress diatom growth.
The fresh weight of each shoot was determined at the start and at the end of the 3 wk experimental period. The shoots were blotted dry with soft paper towel, weighed and returned immediately to seawater. Growth was determined as mass-specific growth rate pel-day. To keep the weight in each replicate flask at about 1.5 g fresh weight, shoots were trimmed every 5 d, leaving the apical meristems intact. Pilot trials showed that the trimming did not influence the growth rates of Sargassum baccularia shoots, i.e. the massspecific growth rates of trimmed and non-trimmed shoots were similar.
The concentration of nitrogen and phosphorus in Sargassum baccularia tissue was analysed (see below) in samples taken at the start and end of each experiment. The critical nutrient concentration was estimated as the tissue nutrient concentration where maximum growth was just limited (after Hanisak 1979).
After about 1 wk adaptation in the experimental concentrations, uptake rates were calculated from the differences in nutrient concentrations of the inflowing and the outflowing seawater. At the end of Weeks 1, 2, and 3 of each experimental run, triplicate water samples were taken from each culture flask for both ammonium and phosphate analyses. For the calculation of the kinetic parameters, we used the mean of the uptake rates obtained for each flask. The kinetic parameters K,,, and V,,,,,, of the Michaelis-Menten hyperbolic equation and the respective confidence limits were calculated by a weighted linear regression technique (Wilkinson 1961) . To calculate uptake rates at low substrate concentrations, which was required in deriving the nutrient 'mini budget', we estimated the initial slope of the hyperbolic equation, a, which equals the quotient of K,,, and V, , , (suggested by Healey 1980 and Harrison et al. 1989) . To determine nutrient uptake during the night, 1 set of samples from each of the experimental nutrient treatments 1/0.1, 5/0.5, 10/1, 22/2.2 pM ammonium/pM phosphate was taken during the dark phase. The uptake rates of the night samples were compa.red to uptake rates from the same flasks sampled during daytime. All other water samples for the determination of uptake rates were taken d.uring the light phases.
Starvation experiment: To determine subsistence concentrations of nitrogen and phosphorus, i.e. tissue nutrient levels at zero growth rates (after Fujita et al. 1989) , Sargassum baccularia shoots were kept under conditions with minimal nutrient supply (natural seawater without detectable inorganic nutrients but with organic nutrients). This also provided an estimate of the nutrient storage capacity, i.e. the length of time that growth can be sustained without external inorganic nutrient supply (Fujita 1985) . Pretreated shoots (see cleaning protocol) were kept in aerated 500 m1 Schott flasks in natural seawater wil.hout detectable inorganic nutrients. The seawater was exchanged every second day and was enriched with vitamins and trace metals (Provasoli enrichment without nutrients, modified from recipe in Starr & Zeikus 1993). To obtain mass-specific growth rates, the fresh weights of the experimental shoots were determined every 5 d for 30 d. At the start of the experiment 14 replicate bottles were set up, with 3 subsample shoots each. Every 5 d. 1 shoot was removed from each of 3 haphazardly selected flasks for analyses of tissue nutrients (see below). The 3 removed shoots were replaced with shoots from one of the other flasks, which was then d~s -carded. This procedure resulted in the reduction of the total number of flasks after each sampling, but it ensured that until the end of the experiment 5 flasks with 3 subsample plants each were present for growth measurements.
Tissue nutrient analyses. Sargassum baccularia tissue was dried at 60°C for 24 h, ground with a mortar and pestle into a fine powder and stored at -18°C until analysed. Total carbon and nitrogen were analysed with an ANTEK C i N anaiyser. For totai phosphorus, about 4 mg of ground tissue was combusted for 1 h at 450°C and extracted with 25 m1 purified water for 12 h at 4°C. The extract was filtered and analysed for total phosphorus (Koroleff 1 9 8 3~) .
For the determ~nation of water soluble phosphorus the same method was used, only with uncombusted ground tissue. This soluble phosphorus presumably consisted of both phosphate and polyphosphates, both of which are assumed to be the major dynamic phosphorus stores in macroalgae (Lundberg et al. 1989 , Chopin et al. 1990 , Walsh & Hunter 1992 . We refer to this fraction of total P in algal tissue as storage P. It is considered to be equivalent to the physiological pool plus the storage pool that Hanisak (1983) defined for tissue nitrogen.
Field growth rates. At 8 occasions from June 1995 to June 1996, shoots with a length of 4 to 8 cm were cut, each from the base of an individual Sargassum baccularia thallus. Twenty excised shoots were fixed with rubber bands to plastic pegs embedded in concrete blocks, whlch were then placed in the Sargassum zone at Great Palm. Island. After 4 to 6 wk, the lengths of the shoots were measured to the nearest mm uslng a calliper. Complete loss or severe damage of these shoots, presumably due to grazing, occurred relatively often, but at least 10 shoots were always present for growth measurements. For the calculation of mass-specific growth rates, length data (in cm) were converted to fresh weight (FW) data (in g) using a linear function obtained from measurements of 300 shoots of S. baccularia: FW = 0.23 xlength -0.1, r2 = 0.81.
Data analyses. All data were analysed with the statistical package SuperANOVA 1.11 (Abacus Concepts Inc. 1989-90) . Error estiniates of means represent 95':" confidence limits, unless otherwise stated. Data were checked for homogeneity of varianccs and, if necessary, log transformed. For steady state cultures, the response vanables (growth rate and tissue nutrient concentration) Merrt analysed uslng l-way ANOVA with exper~mental nutrient concentration as a f~xed factor. Tissue nutrient levels of field plants were analysed using 2-way ANOVA for each sampling location, with sampling time and tissue type (basal or distal tissue] as fixed factors. To qualjfy the result of a significant ANOVA, the differences between treatment means were compared using the Tukey-Kramer multiple comparison procedure at the 5 % significance level. The SuperANOVA computing procedure for this post hoc test accounts for unequal sample numbers (SuperANOVA manual, Abacus Concepts Inc. 1989). In the 'Results' the term 'significant' refers to significantly difterent means, tested with the TukeyKramer test after a preceding ANOVA. Nutrient uptake rates in the light and in the dark were compared using a paired l-test. The samples from each nutrient treatmeni were iesieci sepd~dieiy. Edcil pail wdb formed by the light and dark uptake rates obtained from the same culture flask (n = 4 per treatment).
To obtain an overview of the nutrient status of Sargassum hacculana at Great Palm Island, we synthesised the available data into a 'mini budget'. Several assumptions were necessary for the calculations. The nutrient requirements of S. baccularia were calculated using the in situ growth rates and the corresponding tissue nitrogen and phosphorus concentrations. The nutrient supply was estimated as the daily nutrient upta.ke of field plants. This was calculated from the in situ nutrient concentrations of the water column and the initial slope, a, of the ammonium or phosphate uptake kinetics obtained in the laboratory. For this calculation we assumed that the 'snapshot' nutrient data that we obtained for 1 day in each sampling month were representative for the whole month. Since we only had data for the uptake of ammonium, we assumed ~n the 'mini budget' similar uptake rates for all DIN species. A further assumption was that the nutrient uptake rates were simllar dun.ng day and night.
RESULTS

Culture experiments with continuous nutrient supply
The growth of Sargassum bacculana shoots was significantly enhanced in the narrow window of substrate concentrations from 3/0.3 to 5/0.5 (pM ammonium/pM phosphate; higher nutrient concentrations resulted In reduced growth rates. Culture in the treatment 4/0.4 resulted in significantly higher growth rates compared to shoots cultured in 0/0 to 2/0.2 and 7/0.7 to 22/2.2, and shoots in the treatments 3/0.3 and 4/0.4 had hlgher growth rates than shoots in 0/0 to U0.1 and 10/1 to 22/2.2 (l-way ANOVA, F12,44 = 13.4, p < 0.05).
The concentration of nitrogen in Sargassum baccularia tissue (tissue N) increased with increased ammonium supply (Fig. l b ) . Tissue N in shoots cultured in the treatments 0/0 to 5/0.5 was significantly lower than in shoots from the treatments 10/1 to 22/2.2 (l-way ANOVA, F12,39 = 93.6, p < 0.05). The concentration of tissue N became saturated at a level of about 2.5% of dry weight (DW) (treatments 18/1.8 and 22/2.2). As with tissue N, tissue P increased with increasing phosphate supply, and the tissue became saturated at about 0.22% P of DW (Fig. lc) . Shoots from the treatments 0/0 to 3/0.3 had significantly lower tissue P concentrations than shoots from 10/1 to 22/2.2 (l-way ANOVA, F,,,,, = 14.2, p < 0.05). Concentrations of storage P in S. baccularia tissue, which represents the fraction of phosphorus available for growth, also increased with increasing phosphate supply, with a similar kinetic to that of total tissue P (Fig. Ic) . Subtraction of the storage P fraction from total P indicates the fraction of structural phosphorus in the tissue, which was on average about 0.06% of DW. Shoots from the treatments 0/0 to 3/0.3 had significantly lower concentrations of storage P than shoots from 10/1 to 22/2.2 (l-way ANOVA, F12,39 = 10.9, p < 0.05). The critical nutrient concentration for growth of S. baccularia, i.e. the concentration of tissue nutrients below which growth is submaximal, was estimated from Fig. 1 for N as 0.86% of DW and for P as 0.09% of DW The nutrient uptake rates of cultured Sargassum baccularia shoots were quantified after a minimum of 1 wk adaptation to the respective culture conditions, when the algae were in an apparent steady state. The uptake rates followed a saturation curve that fitted the Michaelis-Menten kinetics. The substrate concentrations where uptake is half-maximal (K,,,) were estimated as 4.8 pM ammonium and 0.3 pM phosphate (Table 1) . The maximal uptake rates (V,?,,) were 13 pm01 ammonium g-' DW h-' and 0.4 pm01 phosphate g-' DW h-' (Table 1) . From the quotient of the 2 kinetic parameters for both ammonium and phosphate, the initial slopes, a, were derived (Table l ) . These slopes were later used in the 'mini budget' to calculate uptake rates in low nutrient concentrations (refer to Table 4 ). To obtain dark uptake rates, 1 set of samples from each culture flask of the first 2 experimental runs was taken at night. The uptake rates were compared to uptake rates in the light from the same flasks. No differences were detectable between ammonium or phosphate uptake in the light or in the dark in these 4 nutrient treatments (1/0.1, 5/0.5, 10/1, 22/2.2; paired t-test for each treatment, df = 3, p > 0.05). (Fig. 2) . This time span indicates the nutrient storage capacity of S. baccularia. From Days 20 to 30, growth rates were negative, due to loss of leaf material. Tissue N and P concentrations decreased continuously for 15 d until minimal levels were reached (0.58 & 0.06 % N of DW and 0.05 * 0.004 % P of DW), which were then sustained for the duration of the experiment (Fig. 2) . The subsistence concentrations of N and P in S. baccularia tissue at zero growth were estimated from Fig. 2 as 0.6 % N of DW and 0.06 % P of DW. The subsistence concentration of P is similar to that of structural P in S. baccularia tissue calculated in the continuous supply experiments. (Fig. 3a-c) . A distinct seasonal trend was obvious only at spring and/or in autumn there were, however, separate sampling months with significantly Table 2 . Sargassum baccularia. Two-factor ANOVA comparing tissue nitrogen lower tissue N levels (Fig. 3b, c, or tissue phosphorus levels in samples from the 3 sampling locations. Factors Table 2 ). At our study sites, the beginwere tissue type (basal vs distal) and sampling month. Dependent variables ning of the annual growth phase of S.
were log-transformed and fulfilled the Cochran test of homogeneity of vanbacculafia was in spring and seriesances cence of distal shoots occurred in autumn. During the winter months, long shoots bearing vesicles were not present on the field thalli (distal tissue; Fig.  3a-c) ; the plants 'overwintered' with slow-growing basal shoots. At all 3 locations, the nitrogen content in the samples taken from basal tissue was significantly higher than in the samples from distal tissue (Fig. 3a-c , Table 2 ) . For tissue P the 2-factor ANOVA detected differences between tissue types and sampling time at each of the 3 locations (Table 2 ). Due to significant interaction terms between the factors time and tissue type (Table 2) , a subsequent l-factor ANOVA was run with all tirne/tissue type com.binations as the factor. For each of the sites, the ANOVA detected significant differences between the timehissue type combinations (l-way ANOVA: Tukey-Kramer post hoc tests are not reported in detail, only the relevant effects are presented. At Brook Islands, the samples from November 1995 to February 1996 (summer) had significantly lower tissue P levels than those from all other months (Fig. 4a ). Significant differences between the tissue P levels in basal and distal tissue were detected in only 3 of 10 months. In February and March 1996, the distal tissue had lower values than the basal tissue, in June 1996 the reverse was the case (Fig. 4a) . At Great Palm and Fantome Islands, no distinct seasonal trends of tissue P concentrations were obvious (Fig. 4b, c) . At Great Palm Island, the distal tissue samples of 5 out of 8 months had significantly lower P levels compared to basal tissue samples (Fig. 4b) , whereas at Fantome Island significantly lower tissue P levels in distal tissue occurred only in samples from May 1996.
Assessment of nutrient limitation and nutrient budget
To assess whether Sargassurn baccularia at the 3 sampling locations was nutrient-limited or nutrientsufficient, we compared the tissue nutrient data of field algae with the estimated tissue nutrient parameters 'critical nutrient concentration' and 'subsistence nutrient concentration'. We compared the monthly average values as well as the corresponding replicate samples of tissue N and P of field thalli with the respective esti- (Table 3) . At Great Palm and Fantome Islands, more than half the replicate samples, about half of the monthly averages of basal tissue, and 100 % of the monthly averages of distal tissue were below this critical value (Table 3) . At all locations, S. baccularia thalli with average tissue N concentrations below the critical N level were found particularly during summer and autumn months (cf. Fig. 3a-c ). In contrast, the tissue N concentrations of only a very small number of the replicate samples and none of the monthly average values fell below the subsistence nitrogen concentration, estimated to be 0.6% of DW (Tabie 31. Tissue P levels were below the critical P concentration (0.09% of DW) in 35% of the replicate samples from Brook Islands (Table 3) . Separated by tissue type, about half of the monthly averages of the distal and 15% of the basal tissue samples from Brook Islands were below this critical value (Table 3) . Again, especially during summer months, tissue P concentrations were below the critical P level (cf . Fig 4a) . More than 90 % of the replicate samples and all monthly average values from Great Palm and Fantome Islands were Table 4 . Sargassum baccularia. Estimated nitrogen ( N ) and phosphorus (P) budget for the in situ growth at Great Palm Island. Nutrient demands were estimated with the in s~t u growth rates and the corresponding tissue nutrient levels of field plants (cf. Figs. 3 & 4) . Nutrient supply was calculated from the water column concentrations of DIN (ammonium, nitrate, nitrite) and phosphate and the respective initial slopes a of the Michaelis-Menten kinetics (cf. Table 1 ). Data are means of n = 10 (growth rates) or n = 9 (water column nutrients) with 95% confidence intervals. Symbols are qualifiers that represent months in which the nutrient demand exceeded the supply (-), the supply exceeded the demand (+l, or below the critical P level (Table 3) . At Brook Islands only a few replicate samples fell below the subsistence P concentration, which was estimated to be 0.06% of DW (Table 3) . At Great Palm and Fantome Islands, about 20 % of the monthly average values were below the subsistence concentration (Table 3) . At Great Palm Island, there were more distal than basal tissue samples with P concentrations below this value (Table 3) . As a second approach to assess the possibility of nutrient limitation of field Sargassum baccularia, we assembled a 'mini budget' with the data available. In this simplified nutrient budget we contrasted estimates of the nutrient requirements for the growth of S. baccularia with the estimated nutrient supply in the field (Table 4 ). The growth rates of S. baccularia thalli were high between October and May with distinct maxima from December to March (Table 4 ) . Accordingly, the estimated nutrient requirements for these growth rates were higher in austral summer than in winter (Table 4) . The concentrations of DIN in the water column at Great Palm Island ranged from 0.04 pM (most replicates below the detection limits) to 0.58 pM, with an average of 0.33 (kO.11) pM. Water column inorganic phosphate had an average concentration of 0.02 (k0.01) pM with a range of 0.01 pM (most replicates below the detection limit) to 0.05 p M Estimates of the potential nutrient uptake from the water column indicate that nutrient limitation may occur during the summer period of most rapid growth. In December and February the estimated N uptake is smaller than the estimated N demand for growth, in March supply and demand are about balanced, and in all other months the N supply exceeds the demand ( Table 4 ) . The P demand is not met by P uptake from December to March, in May demand and supply are balanced, and in all other months the P supply exceeds the demand (Table 4 ) .
DISCUSSION
Results from the present study indicate that the growth of Sargassum baccularia is nutrient limited at the 3 study locations. However, this species is highly abundant on reef flats of nearshore island-fringing reefs of the GBR (Schaffelke & Klumpp 1997a), indicating that the abiotic and biotic conditions on these sites are already suitable for nlacroalgal growth. The observed high biomass of Sargassum species and other fleshy macroalgae has raised the concern that this may indicate degradation of nearshore coral reefs involving a phase shift from coral to algal dominance (Done 1992 . Nearshore reefs will continue to be subjected to inputs of nutnents and particulates from mainland run-off. We suggest that in moderately enhanced nutrient conditions (concentrations of 3 to 5 pM ammonium and 0.3 to 0.5 pM phosphate) Sargassun~ species may become nutrient-sufficient. If enhanced nutrient concentrations were paired with sufficient available substrata and a low grazing pressure, Sargassum species would have the potential to colonise larger areas on the nearshore reefs.
In laboratory experiments we promoted the growth of Sargassum baccularia by continuous, moderate nutrient enhancements (3 to 5 p M ammonium, 0.3 to 0.5 pM phosphate). Ammonium and phosphate were supplied together because we attempted to simulate an increased nutrient input in the field, caused for example by increased run-off of agricultural fertiliser, which consists of both N and P (Brodie 1995). Other experiments indicate an additive effect of N and P on growth of S. baccularia such that the application of N and P combined has a larger effect than additions of any one element (authors' unpubl. data). The growth of early life history stages of S , baccularia is also promoted by experimental nutrient additions: germlings and juvenile thalli grew significantly faster in low and moderate N and P enrichments (0.8 or 8 pM ammonium/O.l or 1 pM phosphate) than controls in nonenriched seawater (Schaffelke & Klumpp 1997b) . In the present study we could not apply the models of Monod (1942) and Droop (1974) to characterise our growth versus nutrient substrate kinetics, because the growth followed a distinct optimum curve and not a saturable hyperbolic function as required for these models. The reason why the growth of S. baccularia was inhibited at higher nutrient concentrations remains obscure. At high concentrations, the algae were actively taking up nutnents and accumulating saturated tissue nutrient stores. The growth inhibition seems to be a direct effect of the high nutrient concentrations in the growth medium since in other experiments S. baccularia shoots with saturated tissue nutrients show increased growth promotion when incubated in non-enriched seawater (authors' unpubl. data). Toxic effects of amnlonium addition have been observed after very high additions, ranging from ca 50 pM to millimolar concentrations (Waite & Mitchell 1972 , McLachlan 1977 , Ogawa 1984 .
To extrapolate from the nutnent concentrations that allowed maximum growth in the culture experiments to the nutnent concentrations in the field, it may be more meaningful to relate growth to the actual nutrient concentrations in the culture flasks, i.e. after nutrient uptake. Because ammonium and phosphate uptake was only measured at 3 occasions per experimental run, we can only estimate the actual culture concentrations. According to this estimation, the maximum growth rates were attained at 2 to 4 pM ammonium and 0.25 to 0.45 pM phosphate. These nutrient concen-trations were within, or slightly above, the range of inorganic nutrient concentratlons from locations where abundant macroalgae colonise reef areas (Smlth et al. 1981 , Cuet et al. 1988 , Lapointe 1989 . We suggest that Sargassum species are indicators of moderately enhanced nutrient conditions, in which they display maximum growth. However, the ammonium and phosphate concentrations that enabled S. baccularia to grow maximally were never measured at our study sltes. The nutnent concentrations where growth was half maximal were 0.5 to 1 pM ammonium and 0.05 to 0.1 pM phosphate (estimated concentrations in the culture medium: 0.25 to 0.5 PM ammonium and 0.04 to 0.07 pM phosphate), which is in the upper range of nutrient concentrations measured in the water column at the field sites. Nutrient concentrations in the water column at our study sites were very variable. In general, DIN concentrations were below 1 PM and phosphate concentrations below 0.1 pM, and about half the samples had undetectable ammonium and phosphate levels (this paper, Klumpp et al. in press, S. Uthicke, B. Schaffelke & D. W. Klumpp unpubl. data). The concentratlons of 1 pM UIN and 0.1 pM phosphate represent estimated threshhold concentrations above which macroalgal blooms were observed on coral reefs (Bell 1992 , Lapointe et al. 1993 , 1997 . Water column nutrients in open waters in the GBR lagoon are generally low and often at the limit of detection (Furnas et al. 1995) . Fluxes of nutrients on coral reefs are not well understood, but it is assumed that free inorganic nutrients are rapidly incorporated by phytoplankton and benthic biomass, leaving very little measurable nutrients In the water column. To assess whether the Sargassum canopy may affect the water column nutrients, we conducted measurements of dissolved nutrients inside and outside Sargassum beds, but did not find a significant difference (B. Schaffelke unpubl. data). In contrast, Schramm et al. (1988) measured higher nutrient concentrations inside temperate algal beds than in surface water.
In our study, nutrient uptake rates were measured in the continuous supply experiments, thus avoiding the problems associated with the interpretation of uptake rates obtained by batch-mode experiments (Harnson et al. 1989 ) and providing ecologically more meaningful data (Probyn & Chapman 1982) . Generally, the kinetic parameters K,,, and V , , , for ammonium and phosphate uptake by Sargassum bacculana are in the range reported for other brown algae (see Wallentinus 1984) . Con~parisons between species have to be viewed with caution, because the methods and conditions under which the uptake was measured may be very different between studies (Harnson et al. 1989 ). In our study, the substrate concentrations at which uptake rates of ammonium or phosphate, respectively, were half-maxlmal (K,) are about 10 times higher than the average concentrations of DIN or phosphate in the water column at the field site (about 0.3 pbT DIN, 0.02 PM phosphate) . This may ind~cate that uptake at low field concentratlons may not be very efficient, assumlng that nutrlent concentrations remain at the measured low levels and no nutrient spikes occur. The nutrient situation in the field, however, is likely to be very variable, especially dunng the summer wet season, when rivers import nutrients into the coastal zone.
We are aware that the nutrient concentrations without consideration of the nutrient flux (or loading) give only an insufficient description of the nutrient situation at a fleld site, i.e. low nutrient concentrations may be sufficient to supply macroalgal growth when the flow rate is high (Larned & Stimson 1996) . The present laboratory data were obtained in continuous flow experiments, which offered a relatively constant nutrient supply over time, although the flow is likely to be lower than in the field. To extrapolate from the laboratory situation, we decided not to rely on 'snapshot' flow measurements in situ, but to use the uptake rates and tissue nutnent levels obtalned in the continuous tlow cultures to estimate the nutrient supply of Sargassum baccularia in the field.
The nutrient content in algal tissue has long been recognised as a transient nutrient store in environments with periodic nutnent supply, as well as both an integrator for the nutritional history of the plants and a bioindicator for water quality (Rosenberg & Ramus 1982 , Bjornsater & Wheeler 1990 , Lyngby 1990 , Lapolnte et al. 1992 , Fong et al. 1994 , Jones et al. 1996 . To evaluate the nutnent supply and potential nutrient limitation of field Sargassum baccularia, we compared the estimated critical and subsistence levels of tissue N and P with the respective field tissue nutrient data. This comparison showed that S. baccularia was always sufficiently supplied with N and P to show positive growth rates (almost all tissue data were above the subsistence level of both elements). Particularly in austral summer, which is the period of fast growth of S. bacculana (Schaffelke & Klumpp 1997a) , both tlssue N and P concentrations of field thalli fell below the respective critical nutrient values. Both N and P limitation appeared to be less pronounced at Brook Islands than at the other 2 sites. At Great Palm and Fantome Islands, P limitation was more distinct than W limitation, indicated by the fact that almost all samples were below the critical phosphorus level. Hence, especially in summer, any extra nutrient supply, N and/or P, may lead to enhanced growth of S. bacculana. The estimated subsistence level for P of 0.06 % of DW equals the proportion of structural P that we calculated from tissue P data in the continuous supply experiments. This indicates that In starvation con-ditions all storage P has been exhausted. The subsistence P concentration subtracted from the critical P concentration of 0.09% of DW would yield a physiological P pool of about 0.03 % of DW; tissue P fractions above the critical level are luxury P stores (adapted from Hanisak 1983). We could not achieve a meaningful measure of storage N, probably because of the use of dried tissue material. Studies addressing soluble fractions of tissue N, i.e. the physiological and the storage N pool (after Hanisak 1983), generally used fresh tissue material (Thon~as et al. 1987) .
As a second tool to evaluate the nutrient limitation of Sargassum bacculana in the field, we calculated a nutrient 'mini budget' with the available laboratory and field data. Especially during summer months, the nutrient demand of S. baccularia was high because of the very high growth rates in that season (Schaffelke & Klumpp 1997a, this paper) . In these months the nutrient demand was not met by the nutrient supply through uptake of dissolved inorganic nutrients. Only during the period of slow growth in autumn and winter was there less nutrient demand and the uptake of inorganic nutrients delivered a more than sufficient supply for S. baccularia thalli. In conjunction with the finding that the tissue nutrient values during the summer months were below the critical limits, this budget corroborates the conclusion that maximum possible growth at Great Palm Island was not attained because of nutrient limitation.
At the field sites we measured maximum growth rates of 3 % (Schaffelke & Klumpp 1997a, this paper). These are net growth rates, including tissue losses due to grazing, erosion, etc. Carbon-specific net production of field Sargassum baccularia has been reported as maximal 9% d-' (Schaffelke & Klumpp 1997a) . It is thus very likely that the nutrient demand of field thalli is even higher to account for tissue losses. In the experiments we measured ammonium uptake only, and for the calculation of total DIN uptake in the budget we assumed similar uptake rates for ammonium and nitrate. Our calculated nutrient supply may be overestimated, because nitrate and nitrite uptake are light dependent and often lower in the dark (D'Elia & DeBoer 1978 , Hanisak & Harlin 1978 . The nutrient limitation in the field may hence be even more pronounced than that assessed in the nutrient budget.
Nutrients are imported to the GBR predominantly by diffuse sources such as rain, riverine input and natural upwelling (Furnas et al. 1995 , Furnas & Mitchell 1997 . Riverine input is the major nutrient source (Mitchell & Furnas 1997) , carrying land run-off enriched with agricultural fertiliser (Brodie 1995) . Especially during the summer wet season, the period of fast growth of Sargassum baccularia, nutrients are imported via rain and riverine input (Furnas et al. 1995) . These episodic enrichment events are likely to be missed by standard sampling programs, but may be important nutrient sources for the summer growth of macroalgae when nutrient demand is high. If land-derived nutrient imports increased, these nutrients would be highly effective in summer, when nver plumes may reach as far as to the nearshore reefs (Brodie 1997) and when the Sargassum species are most nutrient-limited and hence, most responsive.
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